Pheochromocytomas and adrenal medullary hyperplasia were investigated ultrastructurally and by assaying catecholamines in tissue and urine. Three of seven bulls had concomitant thyroid C-cell neoplasms and normal parathyroid glands. Pheochromocytomas were either bilateral or unilateral, and were composed of large chromaffi cells predominantly in the storage phase of the secretory cycle. Two pheochromocytomas were composed of cells with ultrastructural characteristics of the epinephrine-secreting type and contained round secretory granules of low electron density. The norepinephrine-secreting type of chromaffi cell predominated in one pheochromocytoma and had storage granules with an electrondense, eccentric core and a wide submembranous space. Two pheochromocytomas were composed of a mixture of epinephrine-and norepinephrine-secreting cells. Adrenal medullary hyperplasia in four bulls consisted of multinodular or diffuse areas of hyperchromatic chromaffi cells that were non-encapsulated, and compressed adjacent cortical tissue. Tissue and urinary concentrations of norepinephrine were increased in bulls with adrenal medullary hyperplasia or pheochromocytoma, but urinary vanillylmandelic acid and unconjugated epinephrine levels were not different from those of control bulls with a normal adrenal medulla.
An extensive survey of cattle at an abattoir showed that tumors of the adrenal gland usually occur in older cattle, and that pheochromocytomas are the second most common type of adrenal neoplasm [23] . A 6% incidence of pheochromocytomas was reported in 402 bulls, with no breed predilection [22] but with a significant coincidental occurrence of ultimobranchial (C-cell) tumors in the thyroid gland [ 1 11. It has been suggested that the simultaneous occurrence of medullary thyroid carcinoma, pheochromocytoma, and parathyroid hyperplasia or adenoma in man represents a multicentric neoplastic transformation of cells of neural crest origin [4, 12, 15, 161. During the development of certain familial syndromes of multiple endocrine neoplasms in man, the adrenal medulla undergoes nodular or diffuse hyperplasia before pheochromocytoma develops [3, 7] . There have been few reports correlating ultrastructural findings with catecholamine assay of the proliferative lesions in the adrenal medulla that often develop in aged bulls. The objective of our study was to determine the histologic, ultrastructural, and biochemical characteristics of adrenal medullary hyperplasia and pheochromocytomas in aged bulls.
Materials and Methods
We studied seven bulls with either bilateral adrenal medullary hyperplasia (three bulls), pheochromocytomas (three bulls: one bilateral, two unilateral), or unilateral hyperplasia and pheochromocytoma (one bull), and 13 control bulls of similar age range and breed distribution with no evidence of endocrine disease (table I) . All were from artificial insemination centers where the controls and bulls with adrenal medullary lesions were housed and fed under similar conditions. In addition to the lesions in the adrenal medulla, three of the seven bulls had concomitant C-cell (ultimobranchial) adenomas (two bulls) or carcinoma (one bull) in the thyroid gland (table I) . The bulls ranged from 7 to 14 years old, with a mean of 9.5 years.
Each bull was placed in a metabolism stall and allowed to acclimate to laboratory conditions for one hour. Serum and plasma were collected from the jugular vein, and freshly voided urine was obtained during a four-hour collection period.
At necropsy the adrenal, thyroid, parathyroid, pancreas, pituitary, and other tissues with lesions were collected and fmed in 10% phosphate-buffered formalin for histologic examination. Longitudinal midline sections of each adrenal gland were made, and both halves evaluated histologically. At least ten blocks were collected from several areas of the adrenal medulla and processed for ultrastructural evaluation as described [2] . Ultrastructural classification of norepinephrine-and epinephrine-secreting cells of the adrenal medulla was based on reported criteria [ 13,201. Sections of the adrenal medulla were collected from each bull and frozen in liquid nitrogen for subsequent chemical analysis. Unconjugated catecholamines from individual samples were extracted by aluminum oxide and acetic acid elution ( I ] and were quantitated by fluorometric analysis [2 I].
The concentration of serum calcium was determined by atomic absorption spectrophotometry (Perkin-Elmer 303) and that of serum phosphorus as described Concentrations were expressed as a ratio of pg metabolite to mg creatinine [6] . Urinary cyclic adenosine monophosphate was determined by radioimmunoassay [I91 as an indicator of the renal response to the action of parathyroid hormone [5] and expressed as a ratio of picomoles (pmoles) cyclic adenosine monophosphate to mg creatinine. Pheochromocytomas were either unilateral (three bulls) or bilateral (one bull) enlargements of the adrenal glands caused by an expansive growth in the adrenal medulla. There was no evidence of invasion of the adrenal capsule or metastasis to distant sites. The pheochromocytomas were composed of large, densely packed, welldifferentiated chromaffin cells arranged in columns in close apposition to numerous capillaries ( fig. 3 ). The chromaffin cells had a lightly to densely basophilic cytoplasm. The least-differentiated pheochromocytoma was composed of nests of large pleomorphic chromaffin cells interspersed among many capillaries and some giant cells; infrequently, the neoplastic cells were arranged into columns or tubules.
Results

Light microscopy
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The adrenal medullae from 13 control bulls were composed of chromaffin cells in close apposition to capillaries. The chromaffin cells had abundant cytoplasm that contained many membrane-limited secretory granules. The secretory cells could be divided into two types, based primarily on the fine-structural characteristics of the secretory granules. One type had a coarsely granular internal core of low electron density in close apposition to its limiting membrane. The second type had secretory granules with an eccentric electron-dense core surrounded by a prominent submembranous space.
The predominant cell in the adrenal medulla with either hyperplasia or pheochromocytoma characteristically had a large Golgi apparatus, dispersed profiles of rough endoplasmic reticulum, scattered large mitochondria, and many closely packed secretory granules. These cells often were near large capillaries with a narrow perivascular space and were interpreted to be in the storage phase of the secretory cycle ( fig. 4) . A pheochromocytoma in one bull was composed of many degranulated hypertrophic cells with prominent lamellar arrays of rough endoplasmic reticulum ( fig. 5) . Based on the characteristics of the predominant type of secretory granule in neoplastic cells, the five pheochromocytomas evaluated ultrastructurally (table I: bulls 2; 3 left and right; 4; and 5) were composed primarily of epinephrine-type cells (two tumors) ( fig. 6 ), norepinephrine-type cells (one tumor) ( fig. 7) , or a mixture of these two cell types (two tumors). One bull (number 1) with nodular hyperplasia had secretory granules predominantly of the norepinephrine type. A second bull (number 2) with diffuse hyperplasia had predominantly epinephrine-type granules in chromaffin cells in both adrenal medullae (table I) .
Chemical assays
The mean values for urinary vanillylmandelic acid and free unconjugated epinephrine and norepinephrine were higher for the bulls with adrenal medullary hyperplasia or pheochromocytomas; these differences, however, were significant only for norepinephrine levels (table I). The concentrations of total unconjugated norepinephrine and epinephrine were increased in the adrenal medullae of bulls with hyperplasia or pheochromocytoma compared to control bulls, but these differences were not statistically significant. Mean (f standard error) serum calcium (CA) and phosphorus (P) (mg/dl), plasma immunoreactive parathyroid hormone (iPTH) (ng/ml), and urinary cyclic adenosine monophosphate (CAMP) (pmoles/dl) for experimental bulls (CA = 9.08 k 0.13, P = 5.14 f 0.50, iPTH = 2.22 * 0.92, and cAMP = 1341.1 * 394.1) were not significantly different from values in control bulls (CA = 9.69 f 0.16, P = 6.07 k 0.52, iPTH = 1.73 f 0.52, and cAMP = 1141.8 f 634.8).
Discussion
Pheochromocytomas in bulls were composed predominantly of chromaffin cells with ultrastructural characteristics suggestive of either the epinephrine-or norepinephrine-secreting type or a mixture of both cell types. Chromaffin cells in pheochromocytomas containing predominantly epinephrine by assay had a large cytoplasmic area filled with round secretory granules of low electron density and a narrow submembranous space. The presence of numerous granules and poorly developed synthetic organelles suggested that the neoplastic cells were predominantly in the storage phase. Similar fine-structural characteristics have been reported in epinephrine-secreting pheochromocytomas in man [ 131. A pheochromocytoma in a horse had granules of a single type morphologically similar to epinephrine-secreting chromaffin cells [9] . The pheochromocytoma in which norepinephrine was the principal catecholamine extracted was composed predominantly of chromaffin cells with polymorphous secretory granules. They had an electron-dense, eccentric core surrounded by a wide submembranous space. The norepinephrine-secreting tumor cells also were interpreted to be predominantly in the storage phase because of the sparse development of synthetic organelles and many granules in the cytoplasm. Although pheochromocytomas in two bulls were composed of both norepinephrineand epinephrine-secreting cell types ultrastructurally, chemical assay showed that either one or the other catecholamine predominated in the tumor tissue. The question of whether normal and neoplastic chromaffin cells in the adrenal medulla secrete only one hormone, or both norepinephrine and epinephrine simultaneously, is not resolved [9, 131, and requires additional investigation.
Three bulls with adrenal medullary hyperplasia or pheochromocytomas had concomitant C-cell (ultimobranchial) neoplasms in the thyroid gland. Other investigators have reported frequent simultaneous occurrence of these two endocrine tumors in adult bulls [22] . Sipple's syndrome of multiple endocrine neoplasms in man includes the coincidental occurrence of medullary thyroid carcinoma, pheochromocytoma, and parathyroid hyperplasia or adenoma [4, 12, 15, 161 , possibly from a basic defect in the development or regulation of neuroectodermal derivatives [7] . The bulls with pheochromocytomas and C-cell neoplasms in this study did not have parathyroid disease like that reported in Sipple's syndrome. Serum calcium, phosphorus, and immunoreactive parathyroid hormone concentrations did not differ significantly from control bulls, and inactive chief cells predominated in the parathyroid glands [2] . Some people with multiple endocrine neoplasms (type 2b) have medullary thyroid carcinoma, pheochromocytomas, and neuromas, but no evidence of parathyroid disease [3].
Four bulls had diffuse or multinodular hyperplasia of chromaffin cells in the adrenal medulla, either alone or in association with a pheochromocytoma in the contralateral gland. In diffuse hyperplasia there was uniform expansion of the medulla by chromafin cells, with compression of the surrounding cortex. Nodular hyperplasia was characterized by multiple discrete nonencapsulated foci of proliferating large chromaffn cells with secretory granules of both the epinephrine and norepinephrine types. Considerable evidence has been reported that nodular adrenal medullary hyperplasia precedes the development of pheochromocytomas in people with familial medullary caicinoma of the thyroid [3, 7] . Results of our investigation suggest that a similar progression of hyperplasia to the development of pheochromocytoma may occur in old bulls with C-cell tumors of the thyroid.
